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ABSTRACT

Thisreport, Volume 17 of the National Low-L evel Waste M anagement
Program Radionuclide Report Series, discusses the radiological and chemical
characteristics of plutonium-239 (*°Pu). This report also discusses waste types
and forms in which ?*Pu can be found, waste and disposal information on **°Pu,
and #*Pu behavior in the environment and in the human body.






FOREWORD

The purpose of the National Low-Level Waste Management Program
Radionuclide Report Series is to provide information to state representatives and
developers of low-level radioactive waste disposal facilities about the
radiological and chemical characteristics of selected radionuclides and their
behavior in the low-level radioactive waste disposal facility environment.
Extensive surveys of available literature provided information that was used to
produce this series of reports and an introductory report.

The National Low-L evel Waste Management Program Radionuclide
Report Series previously addressed the following radionuclides: technetium-99,
carbon-14, iodine-129, tritium, cesium-137, strontium-90, nickel-59, plutonium-
241, nickel-63, niobium-94, cobalt-60, curium-242, americium-241, uranium-
238, and neptunium-237. These radionuclides usually offer the greatest
contribution to the dose estimated during a performance assessment analysis.

Thisreport is Volume 17 of the series. It outlines the basic radiol ogical
and chemical characteristics of plutonium-239, waste types and forms that
contain it, waste and disposal information, and its behavior in environmental
media such as sails, plants, groundwater, air, and in the human body.
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National Low-Level Waste Management Program
Radionuclide Report Series
Volume 17: Plutonium-239

INTRODUCTION

This report describes the basic radiological and chemical characteristics of plutonium-239 (*°Pu)
and examines how these characteristics affect the behavior of “°Pu in various environmental media such
as soils, groundwater, plants, the atmosphere, and the human body. Discussions also include methods of
%9y production, radiation, waste types and forms that contain 2°Pu, and waste disposition information
on ®°Pu. In general, the International System of Units (SI) is used throughout this report. However,
some historical (non-Sl) units are used in many of the references and it was decided to preserve these
unitsin some cases. The Sl unit for radioactivity is the Becquerel (Bqg), which is one disintegration per
second, whereas the historical unit for radioactivity is the Curie (Ci), which is 3.7 x 10 disintegrations
per second - therefore, 1 Ci = 3.7 x 10" Bg. The Sl unit for dose (the biological effects of radiation on
humans) is the Sievert (Sv). The historical unit for dose is the Roentgen Equivalent Man, or rem. The
relation between the two dose unitsis 1 Sv = 100 rem.

All plutonium atoms contain 94 protons (Z=94) and various humbers of neutrons (e.g., N=138 to
152) within the atom’s nucleus. At least fifteen isotopes of plutonium are known to exist (namely, **Pu
through #*°Pu).* All isotopes of plutonium are radioactive. Except for trace quantities of plutoniumin
pitchblende (e.g., one part “Pu in 10** atoms),? and small amounts produced in natural reactors; *°Pu
does not normally exist as a naturally occurring nuclide. Although “°Pu is not a normal component of the
natural background activity, small quantities of it have been released into the environment, primarily from
plutonium weapons testing and nuclear reactor accidents.

2%y is the most common plutonium isotope, with *°Pu representing the second most common
form. *°Puis afissile material, meaning that it will fission with slow or thermalized neutrons. Small
quantities of PuO, (enriched to >99% “*Pu) can be purchased from the I sotope Distribution Office of the
Oak Ridge National Laboratory (ORNL) at a cost of $1.25 per mg (> 99% *Pu) to $4.80 per mg (at
99.99% *°Pu) plus $2,000 to $3,000 for the container plus a shipping charge:® Since plutonium is
classified as a special nuclear material, its purchase requires a DOE/NRC (Department of Energy/Nuclear
Regulatory Commission) transfer accountability form with an NRC or State agreement license.

#%pu is present in all plutonium-based nuclear weapons to an extent of approximately 93% of the
total plutonium mass, with the exact enrichment quantity being a classified value.* During the course of
nuclear weapons testing from 1945 to 1976, approximately 360,000 to 500,000 Ci of plutonium isotopes
(estimated *°Pu mass of >2,200 kg with some estimates indicating as much as 5 tons of plutonium?) have
been deposited in the Earth’ s biosphere; much of it is contained in the Northern Hemisphere.** 7 The
plutonium that was originally released into the atmosphere has eventually settled out onto land or ocean
regions. That which has been deposited on the land now exists within the top 10 cm of soil, and 50% of
the plutonium that was deposited within the Earth’s oceans is now contained bel ow the thermocline
(defined as alayer in athermally stratified body of water that separates an upper, warmer, lighter,
oxygen-rich zone from a lower, colder, heavier, oxygen-poor zone).®

a For example, the Oklo natural reactor in Gabon produced several tons of 2°Pu during the reactor’ s active lifetime of ~500,000
years approximately 2 billion years ago.
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Additional quantities of “*Pu have been released to the environment from nuclear reactor accidents
(e.g., the Windscal e accident® in 1957 and the Chernobyl reactor accident® in 1986); from nuclear
powered submarine accidents (e.g., U.S. Navy submarines Thresher and Scorpion accidents in 1963 and
1968 plus USSR Navy submarines at various dates); an aerial refueling explosion involving a B-52
bomber carrying four plutonium based nuclear weapons in 1966 near the Spanish village of Palomares,
Spain; and a B-52 crash near Thule Air Force Base in 1968).%® Other accidents have also released small
amounts of plutonium to the environment.*®> However, the total amount of the accidental rel eases of
plutonium have been relatively minor on a global scale compared with the intentional releases from
weapons testing; although, the local effects of these accidental releases are sometimes significant. In
comparison with the above accidental releases of »*°Pu, the Savannah River nuclear fuel reprocessing
facilities release less than 0.001 Ci (0.016 g) of “°Pu in particulate form to the atmosphere per year.™

RADIOLOGICAL CHARACTERISTICS

29y has a specific activity of 0.062 Ci/g (0.062 Ci radioactivity per gram of “°Pu), and has a
relatively long half-life (Ty,) of 24,100 years. *Pu can be produced from “**U in any nuclear reactor
from either thermal, intermediate, or fast energy neutrons. The specific nuclear reaction that produces
%%y i's neutron capture (ny) in 22U with subsequent beta-decay (i.e., electron emission from the
radioactive nucleus) asfollows: 28U +n- 20 0ft 2 NpO X 2°pu. Onceformed, Z°Pu

undergoes radioactive decay by emitting one of several possible alpha-particles (a-particles) to form ?°U.
Thethree most likely released a-particle energies, and the corresponding branching ratios are: 5.156 MeV
(73.3%), 5.144 MeV (15.1%), and 5.105 MeV (11.5%).**2** In addition to the above three a-particles, at
least 47 additional low-probability a-particle emissions of energies ranging from 4.06 MeV to 5.1 MeV
are known; however, the total emission probability for these eventsis <0.2%." The average a-particle
energy from **Pu decay is~5.15 MeV.? The average distancein air that a5.2 MeV a-particle can travel
is about 4 cm (at 15° C and 1 atmosphere pressure).™ Also, it requires an a-particle of at least 7.5 MeV of
energy to penetrate the protective layer of human skin (0.07 mm thick); therefore, the a-particles from
%9y decay cannot penetrate the outer layers of the epithelium.’®® In fact, the range of these a-particles
within bone and human tissue are respectively: 0.024 mm and 0.04 mm.®> Table 1 shows a more detailed
listing of the release probabilities and energies associated with a-particles produced from **Pu decay, and
the corresponding gamma-ray energies released from the excited state “°U daughter nucleus.

The decay of **Pu does not result in the release of B-particles nor high-energy y-rays.
Nevertheless, low-energy y -rays (e.g., photons released from the atom’ s nucleus) are released from the
excited state ©°U daughter nucleus following alpha emission from the >*Pu parent nucleus. In addition,
two atomic (orbital) electrons from **Pu are also lost after the emission of the a-particle. They-ray
photons that are released from the ?°U daughter nucleus are usually called uranium x-rays because of the
magnitude of their energies. The most likely photon energies are: 0.0130 MeV, 0.0386 MeV,

0.0516 MeV; however, many others are possible (see Table 1). A large number of low-energy y-rays are
produced from the excited **U nucleus, with 99.9% having energies less than 0.100 MeV (100 keV).
The average photon energy is about 0.010 MeV (~10 keV). Infact, theradiological dose received by a
person positioned 2 feet away from an unshielded 1,000-g spherical mass of metallic “°Pu would be
~0.04 mrem/hr.*® In comparison, an average person in the U.S. receives a dose of ~0.023 mrenvhr (or
~200 mrem/year) from radon gas, and a total dose of 360 mrem per year from all sources.”” The external
dose received from ?°Pu is due primarily toy -rays, with the released a-particles and electrons
contributing almost nothing to the total dose.

29y can also decay via spontaneous fission; however, the half-life of this disintegration event is
5.5x10" years.* Thetotal amount of heat generated within a 1,000-g (1-kg) mass of *°Pu is 1.92 watts,
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with ~99.9% of this heat produced by the deposition of particle kinetic energy (mainly a-particles) and
the remainder being gamma-ray heat. In any sizeable quantity of plutonium metal, essentially al of the
o-particle energy and alarge fraction of they-ray energy will be deposited within the metal in the form of
heat.

Table 17-1. The primary a-particle energies rdeased from ?°Pu decay with subsequent y -rays rel eased
from the excited state **U daughter nucleus. Many additional a-particle and y-ray energies are known
but are not shown in this table. Information obtained from References 12 and 13.

o-Particle y-ay Release
Release o-Particle Energy Probabilities and Total
Probability From #**Pu Decay Photon Energy From #*°U? a+y Energy
From *°Pu (MeV) (MeV) (MeV)
0.0180% 5.008 73% 0.098 + 0.0516 5.158
27% 0.098 + 0.0386 + 0.0130
0.005% 5.029 77% 0.129 5.158
14% 0.116 + 0.0130
6.6% 0.0776 + 0.0516
2.4% 0.0776 + 0.0386 + 0.0130
0.030% 5.055 20% 0.1030 5.158
80% 0.0568 + 0.0462
0.036% 5.076 100% 0.0686 + 0.0130 5.158
11.5% 5.105 73% 0.0516 5.157
27% 0.0386 + 0.0130
0.015% 5111 100% 0.0462 5.157
15.1% 5144 100% 0.0130 5.157
73.3% 5.156 100% 0.00008 5.156
Total =~100%  Average® a-particleenergy  Average’y-ray energy per “°Pu ~5.158

per 2°Pu decay is 5.148 decay is ~0.010

a U isthe daughter atom that is produced following **Pu decay. They-ray photon(s) are actually released from the
excited state 2°U nucl eus following **Pu decay, and not from the *Pu nucleus.

b. The reported average energies represent estimated mean values computed over al a-particle energies or al released
y-ray energies, not just those listed in thistable. An average a-particle energy of 5.15MeV isreported in Reference 5.

The decay scheme for 2°Pu, showing the emission of a single a-particle (i.e., “He nucleus with no
orbital electrons) is shown in Equation (1). Also shown in Equation (1) is the emission of two atomic
electrons, which will be explained later. The transition from an excited-state >*°U” nucleus to the ground-
state #°U nucleus is very short and is neglected in Equation (1). A neutrally charged 2°Pu atom contains
94 protons (within the atom’ s nucleus) with 94 electrons orbiting the positively charged nucleus. The
neutrally charged ?*°U daughter atom contains only 92 protons (within the atom’s nucleus) and 92
electrons orbiting the positively charged nucleus. Therefore, there are 2 eectrons not heeded by the
newly formed uranium atom, and can be released shortly after the a-particle emission. This will
eventually form a neutrally charged U atom. In this case, the a-particle represents an ionized helium
atom (e.g., “He*) without any orbital electrons. Immediately after the a-particle is released from the
#%pu nucleus, it traverses the electron cloud around the newly formed daughter atom (**U**), imparting
some of its kinetic energy to the orbital electrons. The mass-energy and particle emission events
corresponding to **Pu decay are shown in Table 2. The datain Table 2 represent only one of many

17-3



possible mass-energy particle emission scenarios whereby the released energy from ?**Pu decay is
distributed between an a-particle, ay-ray, two lost atomic el ectrons, and the recail kinetic energy of the
235

U atom.

PU-239 DECAY TRANSFORMATION:
S = U m—— > U + o-particle +y-rays (from the ®°U nucleus) + 2 atomic electrons (1)

As mentioned before, several o-particle andy-ray energies are possiblein Equation (1). The most
prominent a-particle andy-ray energies areshown in Table 1. Table 2 presents a detailed illustration of
Equation (1) showing a mass-energy balance for a specific decay scenario, resulting in the emission of a
5.105 MeV o-particleand a 52 keV y-ray. Instead of asingle 0.052 MeV (52 keV) y-ray as shown in
Table 2, it is possible that two lower energy y-rays (e.g., 13 keV and 39 keV) can bereleased for this
particular decay scenario. In any event, the mass-energy balance shown in Table 2 represents only one
particular situation leading to the release of an a-particle. Notice that the released atomic electrons for
this decay scenario are not very energetic.

For the decay scenarioillustrated in Table 2, the total kinetic energy of the released electronsis
only 30 keV. Thisrepresents a nominal situation; however, there are some very rare events whereby the
released electrons can be very energetic (See Reference 12). Electrons with energies of only 30 keV will
have very limited penetrating capabilities. For example, electrons with energies of ~20 keV have a
maximum range of less than 20 mmin air and less than 0.05 mm in water. Also, to penetrate the
protective layer of human skin, an electron would have to have an energy of aleast 70 keV.* Therefore,
the a-particles and e ectrons rel eased from ?°Pu decay are not directly hazardous when the source of
plutonium is outside the body. The general perception that “plutonium is the maost toxic substance known
to humans’ is an exaggeration of thetruth.® In fact, *°Pu is only hazardous to humans in certain forms
and if it is acquired through specific pathways (e.g., the lungs). Thedirect irradiation effects of “°Pu are
actually quite minimal.

As shown in Column 3 of Table 2, thetotal decay energy associated with *°Pu decay is
~5.27 MeV, of which the a-particles carry off ~97%, the recoiling daughter nucleus carries off 1.6%, the
Y -ray(s) <1%, and the released (atomic) eectrons only ~0.5% of the available energy.

Table 3 compares the average and maximum energy of electrons and a-particles released from
severa different radioactiveisotopes. The released e ectrons can be generated from either beta-particles
(B =€), rdeased from the nucleus of the atom (e.g., n--> p" + €), or from the loss of atomic (orbital)
electrons after theinitial decay event due to many different reasons. The electron release from *°Pu
decay is actually the result of too many atomic e ectrons surrounding the U nucleus. A neutrally
charged plutonium atom has 94 protons and 94 electrons; however, after a-particle decay, the plutonium
nucleus has produced a uranium nucleus that contains 92 protons but also includes the original 94 orbital
electrons (two more than is needed to balance the nuclear charge). Usually the extra dectrons will be lost
shortly after the uranium atom is created. Therefore, the electrons released from ***Pu decay are the result
of atomic forces occurring in the **U atom and not from the “*Pu nucleus; however, this distinction is
only technical since all electrons (regardless of how they are produced) areidentical. From the data
shown in Table 3, it is evident that the average electron energy from **Pu decay is small compared with
other radionuclides. Infact, it requires a 70-keV electron to penetrate the protective layer of human skin.
Also, the maximum rangein air of most electrons (>99%) from ***Pu decay is |ess than 6 inches.
Compared to other a-emitters, the a-particle energies from 2°Pu are fairly typical.

Table 4 lists the radiotoxicity of several important radionuclides. Both 2°Pu and *'Pu appear in
the same very high radiotoxicity (Group 1) classification. Thisis also true of the other isotopes of
plutonium. The principal reason that “°Pu is listed in the highest radiotoxicity group is that it emits very-
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high-energy a-particles. Alpha-particles are generally less hazardous than other forms of radiation
outside the human body because they are stopped by very thin materials such as skin. Thus, *°Pu does
not pose a significant external radiation hazard. However, if “°Pu enters into the human body (by
inhalation, ingestion, or other means), it can pose a significant radiation hazard because of the high
energy associated with its alpha emissions. Alpha-particles deposit all of their energy within a thin layer
of living tissue, for example in the lung, resulting in an increased chance of cell damage. Since **Pu
emits energetic a-particles, care must be exercised in disposing of low-level a-contaminated wastes with
low-Z type materials like beryllium (Z=4), boron (Z=5), and a few other light e ements. For example,
boron, when exposed to o-particles, can react to reease neutrons via the following reaction: *°B+a-
particle -->"*N+n. This type of reaction is called an (a,n) reaction. In this situation, nonhazardous,
limited range, a-particle radiation can be converted into a more penetrating and hazardous source of
neutrons. Because of the low range of o particles, the low Z-material must be in contact with the *°Pu
for asignificant neutron flux to result.
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Table 17-2. A mass-energy balance for Pu-239 decay resulting in the emission of a5.105-MeV o-
particle and a 52-keV gamma-ray.

Mass-Energy Scenario Before “*Pu Decay

Rest-Mass or Particle Energy
Equivalent Energy® Before Decay Total Energy
Particle (AMU) or (MeV)® (MeV) (MeV)
Py 239.0521565 AMU 0.000 MeV*® 222,675.726 MeV
222,675.726 MeV
Total Energy 222,675.726 MeV 0.000 MeV Befor e Decay
222,675.726 M eV
Mass-Energy Scenario Following “*Pu Decay
Rest-Mass or Particle Energy
Released Equivalent Energy® After Decay Total Energy
Particle(s) (AMU) or (MeV)® (MeV) (MeV)
U 235.0439231 AMU 0.087 MeV* 218,942.166 MeV
218,942.079 MeV
2 atomic electrons 0.00109716 AMU 0.030 MeVv® 1.052 MeV
1.022 MeV
o-particle 4.001474918 AMU 5.105 MeV 3,732.456 MeV
3,727.351 MeV
y-ray photon 0.000 AMU 0.052 MeV' 0.052 MeV
0.000 MeV
Total Energy 222,670.452 MeV Decay energy = After Decay
5.274 MeV*® 222,675.726 MeV

a. Theenergy to mass conversion factor is 931.49432 MeV/AMU.

b. AMU = atomic mass unit = 1.6605402x10% kg; and, MeV = million eectron valts (e.g., 1000 keV or 1,000,000 eV).

0

Kinetic energy (KE) of the 2°Pu atom is assumed to be zero.

d. Recoil KE of Z°U after a-particle emission.

@

—

Combined KE of two released atomic electrons for this decay scenario. Other values are possible.

lower-energy photons can be released instead of asingle 52 keV y-ray (see Table 1).

For thistable, the photon energy has been rounded from 51.6 keV to 52 keV. An dternative situation can occur whereby two

g. The5.274 MeV value reported here is based on the cal culated mass differences (before and after decay); for example,
222,675.726 MeV - 222,670.452 MeV =5.274 MeV. In comparison, Reference 11 reports a decay energy value of only

5.245 MeV for 2°Pu.
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Table 17-3. Comparison of the average and maximum kinetic energies of atomic eectrons (€),
beta-particles (3), and a-particles released during the decay of several radionuclides (obtained from

References 1, 13, and 15).

Half-life Average Energy Maximum Energy

Radionuclide Particle (years) (keV) (keV)
Nickel-59 (*Ni) e 76,000 42 ~82
Tritium (°H) B 12.3 6 19
Plutonium-241 (**'Pu) B 14.4 5 21
Plutonium-239 (*°Pu) € 24,100 ~15° —°
lodine-129 (**) B 15,700,000 40 150
Carbon-14 (*C) B 5,715 49 156
Technetium-99 (*Tc) B 213,000 85 293
lodine-131 () B 0.022 180 806"
Cesium-137 (*'Cs) B 30.1 195 1,176
Potass um-40 (“K) B 1,270,000,000 541 1,330
Phosphorous-32 (*2P) B 14.3 694 1,710
Gadolinium-148 (**Gd) a 75 3,180 3,180
Uranium-238 (*2V) a 4,470,000,000 4,190 4,200
Radium-226 (**Ra) a 1,600 4,770 4,780
Neptunium-237 (*Np) a 2,140,000 4,770 4,790
Thorium-230 (*°Th) a 80,000 4,660 4,690
Plutonium-241 (**'Pu) a 14.4 4,890 4,900
Actinium-227 (*"Ac) a 22 4,940 4,950
Protactinium-231 (*'Pa) a 32,800 4,960 5,060
Plutonium-239 (*°Pu) a 24,100 5,150 5,160
Thorium-228 (*®*Th) a 1.9 5,390 5,420
Americium-241 (**Am) a 433 5,320 5,490
Plutonium-238 (*3Pu) a 87.7 5,490 5,500
Californium-252 (*Cf) a 2.65 5,930 6,120
Curium-242 (*Cm) a 163 6,100 6,120
Einsteinium-252 (*°Es) a 1.3 6,300 6,640

a. Thedatafor *Ni represents Auger or atomic electrons and not el ectrons emitted from the nucleus (i.e., beta particles).

b. Estimated from mass-energy bal ance equations.

c. A few very energetic electrons (~1 MeV) can be released from Z°Pu decay, but these events are extremely rare.

d. Betaparticleintensity for % is 90.4% at 606 keV and 0.6% at 806 keV.
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Table 17-4. Comparison of the radiotoxicity of several important radionuclides including *°Pu.

Obtained from Appendix 2 of Reference 7.

Radiotoxicity Species
Very high Group 1 2py, 2Cm, 21Am, #'Np,
238PU, 239Pu1 240PU, 242Pu
High Group 2 ®Co, Psr, ¥Nb
Moderate Group 3 ¥c, ®Ni, ®'Cs
Low Group 4 *H, *Ni, ®™Tc¢, *®Tc, &
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CHEMICAL AND PHYSICAL CHARACTERISTICS

Plutonium (element 94) is a member of the actinide series of elements (i.e., elements 89 through
103) of the periodic table. Its chemical characteristics are similar to that of the rare earth eements (a
series of metallic elements ranging from lanthanum — element 57 — through lutetium — element 71). In
particular, plutonium isin the same chemical family as the rare earth d ement samarium. Plutonium is
similar to uranium, neptunium and americium in that all of these elements have four possible oxidation
(valence) states (i.e, +3, +4, +5, and +6). In agueous solutions, plutonium may exist in all four valence
states. The +4 stateis the most stable oxidation state for plutonium. Plutonium occursin six different
crystalline structures, or alotropic states, each existing within a unique temperature range. The existence
of these six allotropes complicates its metallurgical properties. Also, the metallurgical properties of
plutonium are very sensitive to the presence of impurities. Table 5 summarizes some of the most
important chemical properties of plutonium. In the absence of surface oxidation, plutoniumisa
silvery-white metal with the appearance of nickel." Asthe metal is oxidized (by air or water), plutonium
acquires abronze-like color, followed by a gunmetal-blue color, and finally a dull black or green at
complete oxidation. Besides oxygen, plutonium metal is chemically attacked by ammonia (NHs),
nitrogen (N), hydrogen (H), halogens (e.g., fluorine, chlorine, bromine, iodine), carbon monoxide (CO),
and carbon dioxide (CO,). Plutonium reacts with many elements to form at least 90 known binary
compounds.*® Some of the most well known plutonium compounds are: plutonium oxides (PuO, Pu,Os,
PuO,, etc.), plutonium hydrides (PuH,, PuHs, etc.), plutonium fluorides (PuF;, and PulF, both highly
insoluble in water and acids), plutonium chlorides (PuCls; and PuCly), plutonium carbides (PuC, Pu,Cs,
and PuC,), plutonium nitrides (PuN, Pu,Ns, and PuNy), plutonium sulfides (PuS, Pu,S;, etc.), and many
others. Most of these compounds are important in the production of plutonium-based nuclear fuds (e.g.,
mixtures of PuO, and UQ,), uranium and plutonium separation processes, or the production of plutonium
metal. Metallic plutonium appears to be more chemically reactive than metallic uranium at similar
temperatures.? Because of the highly dectropositive nature of plutonium, the metal is soluble or attacked
by many acids (e.g., HCI, HBr, 72% HCIQO,, 85% H3PO,, trichloroacetic acid, and other acids).

Plutonium is a highly reactive metal that combines readily with oxygen to form plutonium oxide
(PuQOy,). Plutoniumis also hygroscopic in that it combines with water or water vapor; however, it reacts
only slowly with water at room temperature and slightly faster at the boiling point.* Plutonium metal, in
the form of a powder or finely divided material, such as machinefilings, is pyrophoric at temperatures of
about 753 K (480°C).* Firesinvolving plutonium produce plutonium oxide smoke particles. Therefore,
machining and manufacturing activities of plutonium are usually conducted in a dry inert gas atmosphere
of helium or argon and sometimes in a vacuum.

Both #*Pu and *'Pu can be fissioned with slow neutrons, and are called fissileisotopes. Thesetwo
isotopes can form critical assemblies (a mass of material that can sustain a fission chain reaction) under
certain conditions of geometry and mass. Because plutonium is fissionable, careful planning must be
exercised in its handling and machining. The critical mass of plutonium varies over awide range,
depending on such factors as geometry, reflectors, material mass or density, and the effect of diluents.

For example, in an optimal configuration the minimum critical mass for *'Pu is 260 g in a water solution,
compared with Z°Pu with a minimum critical mass of 511 g (fully reflected geometry), or 10.2 kg for a
bare metal assembly.™ In fact, plutoniumin aliquid solution is more likely to become critical than solid
metallic plutonium.
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Table 17-5. Physical properties of plutonium.

Physical property (units)

Plutonium data

Temperature Range (K)

Mélting point (K)? 913"

Boiling point ( K)® ~3500

Heat of fusion at melting point 2.84°

(kJmole)

Heat of vaporization (K cal/mole) 80.49"

Solid density (g/cm?®) 19.84 to 15.92°

Liquid density (g/cm?) —

Oxidation potential for the first 6.06°

electron (V)

lonization potential (eV) —

Work function (eV) —

Crystal forms and temperature ranges’ alpha (monoclinic) <39%5K
beta (monoclinic) 395-479 K
gamma (orthorhombic) 479-592 K
delta (cubic) 592-724 K
delta prime (tetrahedral) 724-758 K
epsilon (cubic) 758-912 K

a Notethat 0 K equals -273.15°C or -459.67°F.

b. The melting point of plutonium varieswithitsinitia crystalline phase designation and lattice structure are listed as follows:
alpha (a) monoclinic 914 K, Beta (3) monoclinic 395-480 K, gamma (y) orthorhombic 480-592 K, delta () cubic 592-724 K,
deltaprime (&) tetrahedral 724-749 K, epsilon (€) cubic 749-913 K. Data obtained from References 20 and 2.

¢. Obtained from the Sargent-Welch Table of Periodic Properties of the Elements.

d. Obtained from Reference 18.

e. Thedensity of plutonium varies with crystalline form: a monoclinic 19.84 g/cm® B monoclinic 17.70 g/lem®; y arthorhombic

17.14 g/em®; 3 cubic 15.92 g/em®; & tetrahedral 16.00 g/cm®, and € cubic 16.51 g/on.

f. Information not available.
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PLUTONIUM-239 PRODUCTION IN NUCLEAR REACTORS

Plutonium-239 is an artificially produced radionuclide that does not normally exist in nature. Itis
created in nuclear reactors by a single neutron capture of 22U (e.g., Z2U+n-> *°U-> Z*Np+p+y -ray->
29py+B+y -ray). The majority of the plutonium that is produced in nuclear reactors is contained within the
spent fue elements. The plutonium isotopes most commonly found in nuclear reactors consist of isotopes
ranging from *°Pu to ?**Pu; but mainly isotopes *°Pu, *Pu, **'Pu, and 2*Pu, with *°Pu representing the
most abundantly produced plutonium isotope (on a mass basis).

Due to the high neutron absorption and fission cross-sections of *°Pu (radiative capture cross-
section: =274 barns = 274x10*cm?, and the average fission cross-section of G=698 barns at 0.0253
eV), asignificant fraction of the ®°Pu that is produced in a reactor is also destroyed. The amount of ***Pu
existing in areactor will depend upon a complex function of theinitial fuel composition, reactor power,
fuel burnup, and the fuel irradiation history. Table 6 shows an ORIGEN2* calculated amount of °Pu in
atypical 3,200-MWt light-water reactor (LWR) initially fueled with 100 Mt of *°U (3.3%) + *U
(96.7%), and operated for 3 years.

The primary source of plutonium is through reprocessing irradiated nuclear fuel; however, a sizable
amount can now be recovered from decommissioned weapons. Figure 1 shows a comparison of the
fission product yields from *Pu and **U due to thermal-neutron-induced fission as a function of mass.

A significant difference exists in these two yield curves, with >°Pu producing more heavier fission
products than fission of *°U for isotopes of mass greater than about 150. This region includes the rare
earth e ements, which represent some important reactor poisons due to their large thermal neutron
cross-sections.™
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Table 17-6. Plutonium-239, total plutonium, total actinide, and total fission product inventories
calculated as a function of decay time following a 3-year irradiation in a 3,200-MW thermal power LWR
producing a total fuel burnup of 33,400 MWtD/MTU. Results are presented in terms of millions of curies
(first list) and kilograms (second list). These results are based on an ORIGEN2 calculation for a 100
MTU (3,300 kg ?°U + 96,700 kg **U) pressurized water reactor.

Reactor Core Inventory (millions of curies)

Completion Decay Time (years) Following Reactor Irradiation
of Fuel
Radioactive  Irradiation

Materia To T0+l T0+5 T0+10 T0+50 T0+100
Py 0.0288" 0.0293* 0.0293 0.0293 0.0293 0.0293
All Pu 58.8 15.7 13.0 10.3 173 0.340
| sotopes
All Actinides  3,900.0 17.6 134 10.7 2.25 0.836
All fission 15,000.0 200.0 46.4 31.6 11.3 3.51
products
(FPs)
Actinides plus 18,900.0 217.6 59.8 42.3 13.6 4.34
fission
products

Reactor Core Inventory (kilograms)
Completion Decay Time (years) Following Reactor Irradiation
of Fuel
Radioactive  Irradiation

Materia To T0+l T0+5 T0+10 T0+50 T0+100
Py 464.0° 472.0° 472.0 471.0 471.0 471.0
All Pu 857.0 859.6 833.8 807.2 720.8 703.0
| sotopes
All Actinides  96,380.0 96,380.0 96,380.0 96,380.0 96,380.0 96,380.0
All fission 3,620.0 3,620.0 3,620.0 3,620.0 3,620.0 3,620.0
products
(FPs)

Actinides plus 100,000.0 100,000.0 100,000.0 100,000.0 100,000.0 100,000.0
fission
products

a_Theinventory of **°Pu goes up after reactor shutdown due to the decay of precursors *°U and **Np.
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WASTE AND DISPOSAL DATA ON PLUTONIUM-239

Nuclear Reactors

In atypical nuclear fuel cycle, plutonium normally exists as an oxide materia (e.g., PuO,), with the
plutonium isotopic abundance consisting of ~44—70% “*Pu and ~20-30% 2*°Pu; with various amounts of
uranium isotopes (depending on the particular fud cycle). For example, mixed oxide (MOX) fueds consist
of various blends of uranium, plutonium, and/or thorium; however, visually thereis no difference
between a UO, fud pellet and a MOX fud pellet containing a mixture of UO,, PuO,, and ThO,. Evenin
a3,200-MW thermal light-water reactor (LWR) initially fueled with only U and ?®U, there will
eventually be produced some 860 kg of plutonium and 470 kg of ?°Pu near the end its core life-time (see
Table 6). Larger quantities of plutonium can exist in Liquid Metal Fast Breeder Reactors.

Recycling of the 2°Pu present in expended LWR fud dements can only be accomplished through
reprocessing of thisfuel; that is, dissolving the fuel in acids and chemically separating the plutonium from
the other heavy metals. Presently thisis not being performed on LWR fuel rods, but is accomplished on
some naval fuels. Instead, all irradiated LWR fud rods are ultimately destined for permanent geologic
storage at a DOE repository for spent radioactive fuel; possibly the Yucca Mountain site.

Almost all of the **Pu that is produced in reactors remains in the fuel elements and does not end up
inaLLW site. However, thereis a very small fraction of thetotal reactor inventory of this nuclide that
does end up as low-level waste, primarily associated with contaminated hardware, clothing, ec., as
discussed in the next section.

Medical, Academic Institutions, and
Industrial Plutonium-239 Wastes

Pure sources of ?°Pu have only been available since about 1960.* As mentioned before, *°Pu is
available from Oak Ridge National Laboratory in the following units: (a) >99% “*Pu at $1.25 per mg,
and (b) 99.99% pure *°Pu at $4.80 per mg. A packaging fee of $2,000 to $3,000 and freight charges are
extra.

Plutonium has a very long radiological half-life and, as stated in an earlier section, emits a high-
energy a particle. It also has along biological half-life (the length of timefor an organismto rid itself of
one-half of a given dose of the nuclide through biological means, such as excretion or urination). Thus,
there are no significant uses for this nuclide in the treatment of disease.

There have been several animal-based studies of the effects of °Pu in the body. These have been
conducted in an effort both to measure the metabolism and distribution of this nuclide within the human
body and to measure the effect of the nuclide on the human body. These medical studies have resulted in
%9Py-laden waste products.

Additionally, studies have been and are being conducted to measure the nuclear properties of “°Pu.

These, too, have resulted in the production of ?*Pu-laden waste products. However, the principal uses for
this nuclide are as thefissile agent in nuclear weapons and as fuel for nuclear reactors.
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Disposal Data on Plutonium-239

29y has been deposited in three LLW sites in Richland, Washington; Barnwell, South Carolina;
and Beatty, Nevada over a period of several years. (Note: this nuclide has also been disposed of by
Envirocarein their LLW sitein Utah, but only since January 1998 — approximately 0.03 Ci total activity
has been deposited. Datafrom this LLW site are not yet in the database and, therefore, are not included
in the discussion in this section.) Data concerning the activity, sources, and waste types for this nuclide
have been obtained from the Manifest Information Management System (MIMS) Database.” Figure 2
shows the total annual ®°Pu activity deposited in the three sites for each year between 1986 and 1998
(Note: the data for 1998 were not complete at the time of publication). Inonly 3 years did the deposition
of ?Pu exceed one Ci, 1986, 1992, and 1993. The general trend has been for less and less of this nuclide
to be deposited inthe LLW sites.

Figure 3 shows the activity of **Pu deposited in these three sites as a function of waste source.
Approximately one-half of the total activity of “’Pu deposited in LLW sites was from utility sources.
The other approximate one-half was from industry and government sources, with only minor
contributions from academic and medical sources.

Figure 4 shows the activity of *°Pu deposited in the Richland and Bestty sites as a function of
wastetype. The waste disposal manifest for the Barnwell site did not break down the waste by type,
which is unfortunate since more than 50% of the total activity of **Pu is deposited in this site. An
additional 22% of thetotal deposited activity was likewise not broken down by waste type for the other
two sites. Thus, more than 70% of the total “*°Pu deposited activity was not listed by wastetype. None
of this activity was included in the data shown in Figure 4, which, therefore, only illustrates the waste
types for less than 30% of thetotal deposited activity inthe LLW sites.

As shown in this figure, more than half of the activity isin theform of dry solids. In addition,
approximately one-fourth of the total activity isintheform of dry active waste, which is a combination of
compacted and noncompacted active waste. Dewatered resins and noncartridge filter media add another
10% and the remainder is scattered among the other four waste types.

Thedatain Figures 3-5 are only for years since 1986. Thisis because data before 1986 are not
available in the MIMS database. However, “°Pu depositions have taken place since as early as 1962.
ORNL has published an annual report that documents historical LLW inventories, including depositions
starting in 1962.% The data for individual nuclides are not available in the reference, but some information
can be extracted from the data that are presented. Table 4.17, in the reference, contains total deposition
data for each of thethree LLW sites. These data are of thetotal LLW deposition volume for each year,
starting in 1962. Although this table does not break the yearly depaositions down according to
radionuclide, Table A.3 (in Reference 22) contains historical conversion factors (from volume to activity)
for each radionuclide, including ?°Pu. These conversation factors appear to be only suitable for trend
indications. A comparison between the derived *’Pu depositions (from Reference 22) and the data from
the MIMS database, for 1986—1995, indicate that the MIM S values generally are higher, by asmuch asa
factor of 10. However, the Reference 22 data are useful for evaluating deposition trends. Total
(including #*°Pu) depositions peaked in 1980, and then generally decreased. By 1996, the total deposition
was approximately one-tenth that for the peak year. Possible reasons for this decrease include the decline
in the construction of commercial nuclear power plants and the decline in the production of weapons
materials, which resulted from the strategic arms limitation treaties.

b. Information provided through the DOE waste management system maintained by the Nationa Low-Level Waste Management
Program, Idaho National Engineering and Environmental Laboratory (INEEL).
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BEHAVIOR OF PLUTONIUM IN THE ENVIRONMENT

Plutonium in Soils

Understanding the behavior of plutonium in the soil is important in predicting the dissolution of
radioactive waste in low-level waste disposition (e.g., burial) and the possible transport of plutonium
through the biosphere. It isimportant to understand the interactions between radionuclides and various
media along the path to the biosphere, whether disposal isin deep or shallow rock caverns or in shallow
overburden facilities.

Plutonium does not naturally occur in soils; however, it is present in many soils because of a
variety of reasons. The primary sources of environmental plutonium include (a) releases from research
facilities, (b) nuclear weapons testing, (c) waste disposal, (d) nuclear weapons production facilities,

(e) experimental operations, and (f) accidents. Nevertheless, the major source of plutonium in most soils
is primarily due to radioactive fallout from weapons testing.

Soil concentrations of ***Pu have been measured at numerous locations around the world. The
results from three of these studies are summarized here. The concentration of this radionuclide at various
locations on the Hanford DOE Site (Pacific Northwest National Laboratory) ranged from 0.01 to 0.09
pCi/g.* Radionuclide contamination of soilsin Korea were measured by scientists from the Korea
Institute of Nuclear Safety. The results from this Korean study indicate that of the radionuclides
included in the study, the Pu isotopes had lower (activity) concentrations and the concentrations of
#9+200py were much greater than those of **Pu. The ?***Pu concentrations ranged from 0.18 to 1.85
Bo/kg (4.9-5 x 10° pCi/g). These concentrations tended to be higher for soils containing more organic
meatter or clay content, as well as soils from regions with higher mean annual precipitation.

Past investigations have indicated that plutonium sources from fallout and industrial rel eases
behave in a similar fashion, and that when soluble or insoluble forms of organic matter are present in
either alkaline or acid soils, any contaminating plutonium in the soil has the potential of high mobility.*
In addition, the important factors affecting plutonium chemistry and, therefore, mobility and sorptionin
soil, are () soil pH, (b) clay content, (c) calcium carbonate content, and (d) organic matter content.** For
example, studies of plutonium concentrations due to fallout on soils from Ohio (a humid area with high
glacial limetills) showed a significant correlation with clay content. However, experimental
investigations showed that ~95% of the plutonium in solution at a pH of 6.5 could be removed by
calcium-saturated clays.

An additional factor affecting plutonium chemistry and binding capabilities to soil is microbial
activity. It has been suggested that up to 10% of the plutonium present in soil may become bound to or
associated with organic compounds present in the soil.* Even plutonium added to a culture medium as
PuO, (asvery small particles) can be assimilated by common soil fungi. The diffusion of plutoniumin
soil is also affected by the sorption characteristics of the various chemical forms present. However,
plutonium may be more mobile in soil than diffusion theory can explain. In particular, micro-organism
activity can increase plutonium mobility in soil. Microbiological and plant actions can influence
plutonium mobility in soil, and these factors will be of increased importance as larger quantities of
plutonium become bound to living and dead organic materials. It has also been noted that the movement
of PuO, was approximately 100 times faster than that of Pu(NO3),.* Also, physical processes (e.g., wind
and water transport) may be moreimportant than chemical processes in transporting plutonium to
vegetation.

It appears that in the magjority of soil types, and especially those that contain significant quantities
of clay, soluble forms of plutonium can be adsorbed rapidly by the soil. Several studies have been made
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on the vertical distribution of plutonium in soil profiles contaminated as a result of nuclear fallout and
accidental releases.* Generally, these studies show slight concentrations in surface soils relative to
subsurface soils. Infact, it isreported in Reference 24 that more than 95% of the plutonium present was
inthetop 5-cm layer. Several authors report a decreasing exponential relationship between plutonium
concentration and soil depth. In the case of the Trinity nuclear test sitein New Mexico, consisting of
sandy loam soil, about 50% of the plutonium residing in thetop 0 to 5-cm layer of soil has moved
downward to the 5 to 20-cm layer over a 20-year period.** It has also been noted that the mobility of
plutonium in soil profiles can be expected to be the greatest when the chemical form of plutoniumis
largely as the oxide (PuO,), or when the soil islow in clay content, high in soluble organic material, and
subject to vegetation cover. Infarming areas, the effect of plowing on plutonium movement has to be
considered.

The soil retention parameter represents the solid/liquid partition coefficient and is denoted by the
symbol Kq (i.e., adistribution coefficient). Kqis defined by Kq= C4/C,, where Csis the plutonium
concentration in the soil (solid) and C; is the plutonium concentration in the groundwater (liquid). This
empirical model combines the sail retention mechanisms into a simple linear partition relation between
the soil and the surrounding groundwater. This model assumes that the Cs and C; arein equilibrium with
each other; that is, they are not changing with time. Using this definition for Kg, it follows that the larger
thevalue (that is, the higher the radionuclide concentration in the soil relative to that in the groundwater)
the slower the migration of the radionuclide relative to groundwater flow. Therefore, Kq can be thought
of as ameasure of the amount of “holdup” in the soil.

Typically, Kqis measured under laboratory conditions, using samples that are rdatively
homogenous, and whereit can be ensured that equilibrium conditions are met. Applying these values to
specific soilsin thefield can be difficult because actual soils are generally inhomogeneous and there are
uncertainties as to how long it takes for the plutonium concentrations in the soil and groundwater (Cs and
C)) to bein equilibrium with each other. Therefore, one must be careful to ensure that soil samples used
in the laboratory studies are as closely representative of the field as possible. However, even though the
soil samples do not precisely match conditions in the field, Ky values from these laboratory studies can be
used in computer models that extrapolate data from laboratory experiments and field studies. In addition,
some experiments are conducted using intact field samples to validate the laboratory Ky values and to
study the effects due to soil nonhomogeneity.

Scientists at the Laboratory of Nuclear Medicine and Radiation Biology of the University of
California at Los Angeles measured the K4 for several radionuclides, including **Pu.?* On ardative basis,
they determined that the K4 values werein the following order: ’Np < *Pu < **Am. Thus, **Puis
transported more easily than ***Am but is more easily retained in the soil than *’Np, on arelative basis.
These coefficients were measured over awide variety of soils and K for 2°Pu ranged from less than 50 to
nearly 7,000. An earlier investigation of Ky was performed by scientists associated with the Pacific
Northwest Laboratory.?” In this study, the distribution coefficient for plutonium(l'V) was measured to be
of the order of 10,000. A more recent study was performed by scientists at the Japan Atomic Energy
Research Institute in Tokai, Japan.” The distribution coefficient for plutonium(lV) was measured in the
laboratory for avariety of sandy soils to be of the order of 10,000 mL/g. However, anin-situ
measurement of K4 was made, which resulted in a much smaller value - of the order of 1,000 mL/g. The
difference between the laboratory and the in-situ values of K4 are believed to be dueto differencesin the
oxidation state of the plutonium. Thisillustrates the care that must be taken in using laboratory values for
this parameter in predicting movement of plutoniumin thefield.

These large values of K4 for “°Pu and ***Am are consistent with the results of a study conducted by

scientists associated with the Institute for Radiation Protection in Neuherberg, Germany.® This study
involved the vertical migration into soil of several radionuclides resulting from fallout associated with the
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nuclear reactor accident at Chernobyl, Ukraine. Theresults of their study indicated that the vertical
migration of these two radionuclides (*Pu and **Am) were of the order of <1 cm/year, which was much
less than the other radionuclides included in the study. A similar study, conducted by scientists
associated with the Academy of Sciences of Belarus, produced comparable results.® In this later study, it
was also concluded that “the tendency for mobility of radionuclides (is) to decrease with increasing
depth.” In the Pacific Northwest National Laboratory study documented by Reference 24, it was
determined that “°Pu has a tendency to “ strongly sorb to soil and. . .(be) readily retained in surface soil.”
Additionally, the presence of soil microbes can enhance the migration of Pu in soil, though this effect
appearsto be small in the soil samples from the Hanford Site.

Another aspect of the behavior of “°Pu in soilsis related to mechanisms of removal (redemption).
Several studies have been made of soil remediation, of which the following three are typical examples.
Nishita and Hamilton measured the effect of organic material and soil pH on the extractability of **°Pu.®
The results from this study indicate that removal of organic material from the soil appreciably increased
the amount of °Pu that could be extracted from a kaolinitic soil under acidic pH conditions. The
presence or absence of organic material did not have an appreciable effect under alkaline pH conditions.
A study was conducted by scientists at the Los Alamos National Laboratory into the ability of
bioreductive processing to remove actinide contaminated soils.** For this study, soils from several DOE
sites were collected and a proprietary process, developed by MBX Systems, Inc. was used to extract the
actinides, including Pu. The results from this study indicated that up to 97% of the Pu could be removed
from these contaminated soils.

Although under normal soil conditions, plutonium tends to be fixed in place and not migrate
significantly, there are conditions under which this can change. 1n one of these conditions, substantial
amounts of colloidal material are suspended in the ground water. Thisis discussed in more detail in
another paragraph. In addition, the migration of plutonium can also be significantly affected by the
presence of chelates, which form complexes with the plutonium compounds that can be significantly
more soluble than the plutonium compound alone. Several examples areincluded in this paragraph. A
detailed discussion of the effects of chelates on the solubility of plutonium istoo complex to be discussed
inthisreport. Theinterested reader is referred to the literature for more specific information. Scientists
at the University of California at Los Angeles conducted an experimental study on the effects of fulvic
and humic acids on the extractability of plutonium.® The extractability of plutonium (which is a measure
of the mobility of plutonium in soil) was shown to be strongly influenced by the soil pH, the relative
amounts of organic and inorganic phases in the soil, and on the concentration of the complexing agent(s).
The authors concluded that under normal soil conditions, plutonium isrelatively immobile. However,
under certain conditions, the extractability of plutonium can be enhanced significantly due to the
formation of complexes with fulvic and humic acids.

Scientists from Pacific Northwest National Laboratory have made in-situ measurements of the
migration of various radionuclides, including 2°Pu, from the shallow waste burial site at Maxey Flats,
Kentucky.* The authors conclude that the presence of organic complexing agents, especially ethylene
diammine tetraacetic acid (EDTA), can enhance the mobility of plutonium. The measurements
supporting this conclusion are somewhat masked by the fact that this siteisin aregion of high rainfall
and some of the transport may have been dueto effects other than groundwater transport. Aswith the
Reference 33 study, the mobility of plutonium is complex and is strongly influenced by such factors as
soil pH and soil organic content.
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Plutonium in Water

Plutonium contamination in the environment began in 1945 with the nuclear weapons test at
Alamogordo, New Mexico and the nuclear attack at Nagasaki in Japan. The climatic conditions of
Alamogordo are very dry, but Nagasaki is very wet, with annual precipitation typically ranging from 60 to
110 inches. While alarge portion of the fallout plutonium was retained in the upper soil level, even after
40 years, some did migrate to the water table. This was confirmed by the detection of trace amounts of
plutonium in seeping groundwater at Nagasaki.” It was shown that the mobility of plutonium(1V) in
groundwater is increased by the quantity of dissolved organic carbon in the water, which is generally
known to have a high potential to chemically associate with plutonium.

Plutonium concentrations and oxidation states were measured in water collected from the shallow
aquifer in the Mortandad Canyon near the Los Alamos National Laboratory.® The source of the
plutonium in the aquifer was treated waste that had been released in the canyon for approximately
20 years. Concentrations of 2***Py in the water were measured to bein the range of 0.018 to 5.4 pCil/L,
with the higher concentrations associated with samples taken near the discharge site. It was judged that
the fine particulate matter in the water is a poor adsorber of plutonium and that there was a complexing
agent in the water that helped maintain the plutonium in solution and mitigated against it being adsorbed
onto the adjacent soil. There was almost no correlation between plutonium concentrations in the water
and the presence of dissolved organic material.

Low levels of radioactivity werein the water routinely discharged from the N-Reactor at Hanford
into a rock-lined crib and overflow seepage trench located near the reactor site and on a bluff overlooking
the Columbia River.* While most of the radioactivity was retained, by design, in the crib and seepage
trench, some of the nuclides, including some plutonium species, did migrateto theriver. The
concentrations of 2%2*°Py in springs that feed the river ranged from 0.008 to 0.030 pCi/L (compared with
concentrations in the trench water ranging from 24 to 58 pCi/L, or more than 3 orders of magnitude
higher). Of the plutonium that reached the spring water, ~90% of it was in oxidation states VV and VI,
which tend to be more mobile oxidation states for plutonium. A follow-on study was conducted to
investigate the oxidation states of plutonium in groundwater.®” This study concluded that the plutonium
enters the trench in a high oxidation state (V,V1) and then is rapidly reduced to lower oxidation states
(111,1V) and adsorbed onto sediments in the trench. The fraction of plutonium that remains in the higher
oxidation states enters the groundwater and is further reduced, though not as rapidly as in the trench, and
partially removed by adsorption onto soil.

As part of the characterization studies for siting a high-level radioactive waste repository at Yucca
Mountain, the solubility of plutonium and other actinides were measured in representative groundwater
samples from the region.® The dependence of solubility on temperature (25-90°C) and pH (5.9-8.5) was
measured. Plutonium solubility increased with increasing temperature. The principal oxidation states for
the dissolved species were V and VI, and as the pH increased, Pu(V) increased and Pu(V1) decreased,
though the overall plutonium concentration did not vary significantly.

Even though plutonium is known to be relatively immobile in groundwater as a result of its being
adsorbed onto soil particles, this nuclide could become associated with colloids, thus becoming more
mobile. Colloids are small (generally submicrometer size) particles that are often found suspended in
groundwater. Under some conditions, plutonium can become adsorbed onto these colloidal particles,
enhancing its mobility in groundwater.® In the Reference 39 study, plutonium has been measured in test
wellslocated 1.3 km from the source, an underground nuclear weapons test site located at the Nevada
Test Site. Colloidal transport, which is suspected to have contributed significantly to this transport, adds
another dimension to the traditional view of radionuclide transport, which usually is considered to be
dominated by a stationary phase associated with aquifer solids and a mobile phase associated with
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dissolution of the nuclide in the water. Because colloid groundwater concentrations are typically quite
low, the contaminants most likely to be transported by colloidal materials are of extremely low solubility
and strongly partition to mobile nonagueous phase materials.® The understanding of colloidal transport is
relatively immature and Reference 40 recommends that additional experimental and modeling studies be
conducted to enhance the understanding of this phenomenon.

Plutonium in Plants

One of the principal pathways for exposure of humans to “°Pu is for the plutonium to contaminate
vegetation. Then, either animals can ingest the contaminated plants, becoming contaminated themselves,
and humans eat the animals, or humans can directly ingest the contaminated plants. Either way, humans
become contaminated with this radionuclide.

Plant contamination can occur from either of two phenomena. Firgt, the plants grow in
contaminated soil and take up the plutonium via the roots. Second, the plutonium becomes airborne and
is deposited directly onto the plant surfaces, where it can be absorbed into the plant structure or remain on
the surface. Theairborne pathway is the subject of a later section. Thefirst is the subject of this section.

Concentration ratios are used to describe the tendency of plants to extract radionuclides from the
soil and deposit them in the plant structures. The vegetation-soil concentration ratio, Cr is defined as the
concentration of (for example) ?*Pu in the plant mass (Ci/g) divided by the concentration of the
radionuclide in the soil in which the plant was grown (Ci/g). A number of factors have been identified as
being of importance with plutonium absorption and the soil-plant relations. These factors include (a) the
vegetation type, (b) species, (€) age and status of the plant, (d) soil pH, (€) positive ion-exchange capacity,
(f) organic matter and/or clay content, (g) plutonium chemical form added to the soil, and (h) the duration
of the contamination. Some authors have remarked that results obtained under experimental conditions
differ substantially from field results, mainly due to plutonium uptake from the sail. It islikely that the
chemical and physical form of the plutonium source material does affect the plant concentrations derived
from the atmaosphere, and that the plutonium derived from the soil is controlled by the soil chemistry.
Most researchers have concluded that root uptake of plutonium is limited, especially when contrasted
with atmaospheric sources of plutonium.?

In 1991, the trees on the dikes surrounding the Savannah River Laboratory seepage basins were
sampled and analyzed to measure the concentration ratio of various radionuclides, including ***°Pu.* Of
the radionuclides included in this study, plutonium tends to have a smaller concentration ratio, indicating
that uptake via theroots is relatively small. The concentration ratios for 2*?*Pu ranged from 0.00012 to
0.0073. Inrdativeterms, these nuclides tended to concentrate more readily in hardwood trees than in
pines and the distribution between leaves and the wood parts was relatively equal.

A literature study was made of the uptake of various food plants grown in soils contaminated with
various radioactive actinides, including *°Pu.* In this case, the concentration ratio is expressed as the
concentration of the nuclide in the plant (pCi/g) divided by the concentration in the soil (pCi/m®) The
range of concentration ratios was from 10° to 10™. In this study, which included measurements of
concentration ratios in barley, peas, beans, soybeans, wheat, and tomatoes, the ***Pu concentration in the
edible part of the plant (e.g., wheat grain) was much smaller than that in the nonedible part of the plant
(e.g., wheat straw).

Theseresults are consistent with a laboratory study conducted in the United Kingdom by scientists
at the National Radiological Protection Board.” In this study, carrot, cabbage, and barley crops were
grown in loam, peat, and sandy soils, artificially contaminated with various radionuclides. The
concentration ratios of the various radionuclides were measured for edible and nonedible parts of the
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crops as afunction of sail type, crop, and radionuclide. For all crops and all sail types, the measured
concentration ratios for 2***Pu were less than 0.001. Additionally, the concentration ratios in the edible
parts of the crops were lower than those in the nonedible parts.

A similar study was conducted by scientists at the University of California as Los Angeles, who
measured concentration ratios of radioactive actinides in peas, soybeans, tomatoes, and wheat grown in
seven different soils types.* The soils were selected to represent those associated with the major food
producing areas of the United States. Of the actinides included in this study, the concentration ratios for
pl uéoni um were the smallest, with values associated with the edible parts of the crops ranging from 10 to
10,

As previously stated, once plutonium has been adsorbed onto soil constituents, it tends to become
relatively immabile and to migrate only very slowly with the groundwater. However, it is possible to
make it more soluble by the addition of chelating agents. These are chemicals that complex with the
plutonium compounds, changing their chemical behavior. When these agents are added to the soil, the
plutonium compounds become much more mobile and can then be extracted from the soil, either through
intentional remediation or via uptaketo plants. Scientists at the Bhabha Atomic Research Center in
Bombay, India, measured the effects of two chelating agents on the uptake of plutonium by plantsin two
soil types.® In this study, two chelating agents were used, DTPA and EDTA, in two soil types and the
uptake by beans increased by factors ranging from 3 to 700 over the uptake in soils not treated with these
chelating agents.

Plutonium in Air

Plutonium can become entrained in air through several mechanisms. First, when a nuclear weapon
is exploded, especially if it is a ®’Pu-based device, a significant mass of this nuclide is forced high into
the atmosphere, whereit is distributed via upper level winds over much of the earth. Over time, the *°Pu
falls by gravity or is washed by precipitation from the air and is deposited onto the ground, a phenomena
known as fallout. Since the last atmospheric nuclear explosions occurred several decades ago, essentially
all of thefallout **Pu has been removed from the atmosphere. The second mechanismis if a nuclear
reactor sustains a severe core-damage accident, wherein a significant fraction of the core' sinventory of
%9y i's vaporized and can, potentially, beinjected into the atmosphere by the thermal energy generated
during the accident. An example of this type occurred in the Chernobyl reactor accident, which took
place over a 10-day period starting on April 26, 1986. Measurements of air concentrations of 2*?*Pu in
Belgrade, Y ugoslavia were made during the first two weeks of May 1986 to determine the plutonium
fallout from the accident.® Air concentrations ranged from 0.4 to 10.6 pBg/m®. Again, scrubbing of the
air, dther by gravity or by precipitation, has largely removed all of the *°Pu that was released during this
accident.

In areas far removed from the Chernoby! area, the dominant source of plutonium contamination is
fallout from weapons testing. Enough time has passed since the last atmospheric test in 1980 to allow
measurement of baseline air concentrations of the plutonium isotopes.”” This basdline concentration at the
Pacific Northwest National Laboratory, near Richland, Washington, is 0.13 pBg/m®. The basdline
concentration for the Argonne National laboratory - East, near Chicago, Illinois, ranges from 0.06 to
0.14 pBg/n’.

The third mechanism by which *Pu can end up in air is by being entrained by wind in air (asan
aerosal) and transported before eventually falling back to earth’s surface. This can happen either over
land (with contaminated soil) or a sea (with contaminated water). The source of contamination can be
fallout or discharge of fluids from a nuclear facility (e.g., nuclear reprocessing facility). Scientists from
the Harwell Laboratory conducted a study of the transfer of radionuclides (including “***°Pu) from
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offshore water to land via wind-induced entrainment.”® As radionuclides are discharged into seawater,
they partition between two phases in the water: a soluble phase, wherein the radionuclide dissolves into
the water; and a particulate phase, wherein the radionuclide is adsorbed onto a small soil particle, which is
suspended in the water. Then, agitation of the water surface, due to wind shear, causes either phaseto
become airborne and the wind subsequently transports the radionuclide onto theland. Therelative
distribution between soluble and particul ate-associated phases is nuclide dependent. For the case of 2°Pu,
the soluble phaseis relatively insignificant and the transport is dominated by the particulate phase—
approximately 95% of the water concentration of this nuclide is associated with particulates. Soil
contamination due to this mechanism is very dependent on the distance from the shordline. Sail
contamination near the Dounreay Nuclear Power Development Establishment (northern Scotland) due to
contaminated aerosols from the Pentland Firth indicate surface contamination of 2%2*°Pu ranging from
more than 500 Bg/m? near the shoreline to about 50 Bg/m? 1/2 km inland.

An example of the contamination of air with 2%?*Pu due to wind entrainment of contaminated soil
was documented by measurements taken near the nuclear weapons testing sites of Maralingaand Emuin
Australia.® High Volume Air Samplers were used to collect atmospheric samples, which were analyzed
for radionuclide concentration. Most of the time, the airborne concentrations of plutonium were less than
10“* Bg/m®. However, occasional higher concentrations were measured (average [over afew days] of
10 Bg/m® and higher) during periods of high wind velocities.

Resuspension of %**%y from topsoil in the Czech Republic has been measured by scientists at the
National Radiation Protection Institute.® The soil was contaminated with the nuclide due to fallout from
the accident at the Chernoby! reactor. Over a period of three years of measurements, the range of 2***°py
concentration in the air of Prague ranged from <0.5 to 5.5 nBg/n’.

The area surrounding the Chernobyl reactor complex received, of course, the highest soil
contamination levels from the 1986 reactor accident. Soil concentrations of 2*#*Pu in the region within
30 km of the reactor range from 700 to 7,000 Bg/kg.** Resuspension of plutonium from the soil, more
than 1 year after the accident, resulted in air concentrations up to 100 pBg/m? in the city of Chernobyl
(approximately 15 miles from the reactor complex) and up to 380 pBg/m® in Pripyat, atown
approximately 1/2 mile away from the reactor.
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BEHAVIOR OF PLUTONIUM IN THE HUMAN BODY AND IN ANIMALS

The behavior of %°Pu in the human body is generally based on two sets of data. First, data have
been collected on the health effects in humans exposed to this nuclide, either as aresult of nuclear
explosions (e.g., survivors of the Nagasaki nuclear bomb explosion in August 1945) or dueto working in
jobsinvolving plutonium (e.g., workers involved in nuclear weapons research and production). The
second database has resulted from studies of the metabolism and radiological effects of **°Pu in animals—
these results are then extrapolated to humans. Thefirst database is of more value since thereis less need
to extrapolate the results to humans. However, these data are relatively sparse since they are principally
dependent on accidental exposures. Thus, data from animal studies play an important rolein
understanding the behavior of this nuclide in humans.

The principal radiological hazard associated with *°Pu is due to its high-energy, a-particle
emissions (average a-particle energy is 5.15 MeV). The beta and gamma emissions are reatively low
energy and are not asradiologically significant. Since even these high-energy a particles cannot
penetrate the skin, external exposure to °Pu is much less of a hazard than internal exposure. Therefore,
to pose a significant health hazard, this nuclide must enter the human body. There are several waysin
which this may occur. First, plutonium contamination of a wound (cut or abrasion) can result in
absorption into the blood and transport to other organs. Second, plutonium may be ingested by eating
contaminated food. Third, plutonium may be injected into either muscle tissue or the blood stream (this
means is used in experiments and does not pose a significant threat to the general population). Fourth,
contaminated air can beinhaled, contaminating the lungs and other body organs. Of these contamination
methods, ingestion is considered to be relatively benign. Thisis because plutonium is poorly absorbed
across the gastrointestinal tract.®” In fact, most of the transuranic compounds are not readily absorbed
from the gastrointestinal tract. Of these, however, plutonium is one of the least absorbed—for example,
for PuO,, only 0.0001% of theingested compound is absorbed in rats.*

Reference 54 further states that inhaled PuO; is largely retained in the lungs and thoracic lymph
nodes and that absorption through the skin isrelatively insignificant. Retention in the lung is significantly
affected by the physical properties of the inhaled particles, especially particle size. Smaller particles tend
to more easily translocate. From the lungs, the plutonium compounds are translocated to other organs,
with the distribution dependent on the compound. For example plutonium citrate and nitrate tend to
locate to bone and, to a lesser extent, to theliver. This observation is consistent with a German study,
which concluded that the majority of plutonium, originating from fallout, is concentrated in the skeleton
and liver organs of animals.>

The effects of inhaled PuO; in rats were measured in a study conducted by scientists from Pacific
Northwest National Laboratory.® It was shown that the preparation of the oxide was significant in the
toxicity of the compound. Some aerosols were used that had been oxidized in air at room temperature. In
addition, some plutonium was oxidized at high temperatures, and the effects of the differencein
preparation were measured. The air-oxidized aerosols were much more toxic, as revealed by the number
of rats with induced lung tumors, than those that were oxidized at high temperature.

Biological half-lifeis a measure of the length of time that plutonium compounds are retained in the
body. This half-lifeis strongly influenced by the specific compound. For example, organic complexes of
plutonium, plutonium nitrate, and plutonium fluoride have biological half-lives that range from 30 to 300
daysin rats, hamsters, and dogs. The half-lives for plutonium oxide range from 150 to 500 daysin
rodents and 300 to 1,240 days in dogs.*

Because of the very long half-life of >°Pu, its retention in the human body is dictated by biological
processes instead of radiological decay. A biological half-life is defined as the length of time half of the
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mass of ?°Pu associated with a specific body part is diminated from the body due to biological processes
(such as excretion or urination).* The biological half-life for plutonium depends on the specific body part
in question. This reference lists the following biological half-lives in humans for plutonium: 65,000 days
(178 y) for the whole body; 73,000 d (200 y) for bones; and 30,000 d (82 y) for theliver. Thus, oncethis
nuclide is absorbed into the human body, it will tend to stay, with only minor removal, aslong as the
personisalive.

The distribution of “°Pu in human bodies is one of the focuses of the U.S. Transuranium Registry
(USTR), the only research program in the U.S. that is actively studying the internal depositions of Pu and
the higher actinides in human tissues.”” This agency performs radiochemical analysis and evaluation of
selected tissues and organs as well as of the whole body of people who have been exposed to transuranic
elements (usually through work activities) and who voluntarily donate their bodies to the program. As of
December 1997, there were a total of 889 individuals who have volunteered to participate in the program.
Of these, 359 have died, 266 are living and still participate in their work activities, and 264 are living but
retired. These represent avast wealth of actual and potential datathat will greatly assist epidemiologists
in assessing the potential health effects of exposure to plutonium and the other transuranic elements.

Reference 58 contains the results of the examination of a Caucasian male who died at age 62 of
respiratory failure associated with pneumonia. This man had been employed from January 1945 to
February 1982 at a site where he was involved in operations that potentially resulted in exposureto
plutonium. Thiswas especially true of the early years of his employment, when worker protection
measures were much less sophisticated than today. A crude estimate of his exposure was made based on
historical radiourinalyses and nasal wipes. It is estimated that he inhaled as much as 1,000 Bq of *°Pu,
most of it during thefirst 1-1/2 years of his employment. The early exposure was to a mixture of
plutonium fluoride and oxide and the late exposures, to oxides of plutonium. Assuming that the total dose
estimate of 1 kBq is correct, approximately 75% of the inhaled ***Pu had been removed from the body
prior to death. Approximately one-half of the total retained “’Pu remained in the respiratory tract, based
on the autopsy performed by the USTR. Therest of the retained plutonium was approximately equally
distributed between the liver and the skeleton, with minor depositions in other organs.

In another USTR study, autopsies were performed on two former nuclear workers.® Thefirst one
had worked as a research chemist from 1950 to 1979, when he died from a metastatic malignant
melanoma. The second one was employed from 1945 to 1980 as a chemical engineer in plutonium alloy
research and development and in plutonium weapons work. He had a history of heart problems and died,
one year after retirement, from heart failure compounded by pneumonia. In both cases, it is judged that
exposure to 2°Pu occurred dueto inhalation of contaminated air. The results from both examinations
indicate that approximately 45% of the systemic (whole body less the respiratory tract) plutonium burden
isintheliver and 45% in the skeleton, with the remaining 10% in other tissues.

The International Commission on Radiological Protection (ICRP) performed a survey of the
available data regarding the distribution of plutonium in the human body.* Table 6.3 of this referencelists
the results of several studiesinvolving occupational exposureto plutonium. While the total relative
(percent) inventory associated with the liver and skeleton are consistent among the individual studies
(representing approximately 75-80 % of the total deposited plutonium), the distribution between these
two organs differs significantly. In some of the studies, there was approximately twice as much
plutonium in the liver asin the skeleton and in others, theratio is reversed. The authors indicate that this
may be due to redistribution within the body as a person ages. For example, there is some evidence that
as a person ages, plutonium may migrate from the skeleton to the liver, although these results are not
conclusive.
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Table 7 lists limits recommended by the ICRP for those who work in environments where they
might be exposed to *°Pu, either by inhalation or ingestion. Two quantities areincluded in the table.
First, the Annual Limits on Intake or ALI, which limits the total amount of *°Pu that should be
incorporated into a person over one year’'stime. Second, the Derived Air Concentrations (DAC) limits
the air concentration of *Pu for aworker who is in the environment for 40 hours per week. An
inhalation classification is assigned, depending on whether the specific chemical compound tends to be
cleared from the lungs in days (D), weeks (W), or years (Y). For plutonium, none of the chemical
compounds are classified D. Oxides are classified Y and all other commonly occurring compounds are
classified W. Thef; value represents the fraction of theinhaled or ingested plutonium that is transferred
to the circulatory system and is also associated with the classification.

Table 17-7. Annual limits on intake (ALI) and the derived air concentrations (DAC) for 2°Pu for
ingestion and inhalation. ®

Ingestion per year and Inhalation and
Species Component (f, value)® (/Class and f; value)®
#%py-oxides ALI 3x 10° Bq (f;= 10®) 600 Bq/Y (f;= 107
“py-all others 3x 10° Bq (f,= 10°) 200Bg/W (f;= 10°)
29py-oxides 0.3Bg/m*/Y (f,=10?)
py-all others DAC _b 0.1 Byym® /W (f,= 107)

a. Values depend upon the removal time of the specific chemical form of °Pu and are placed in the three possible lung
clearance classes: D representing days, W for weeks, or Y for years. f; represents the fraction of the substance that enters the
blood-stream viathe gastrointestinal tract or from the lung with a clearance class of D, W, or Y. For ingestion calculations,
plutonium oxides have af;=10° with a classification of Y and all other common plutonium compounds have af,;=10° with a
classfication of W.

b. Datanot available.

Plutonium has gained a reputation as the most feared substance on earth. It has been characterized
as the most toxic substance known to man and is believed, by many, to be so deadly that uptake in the
body of even the slightest amount (sometimes termed a “ speck™) will guarantee the person develops
terminal cancer. While plutonium is a very toxic substance and represents a definite radiological hazard,
if not handled correctly, it is far from being the most toxic substance known to man. Infact, thereare
several substances that are many times more toxic than plutonium, as measured by their acute toxicity, or
the specific amount that results in death.

Toxicity can be split into two components, acute toxicity and latent toxicity. Acutetoxicity isthe
ability of atoxin to cause death shortly after exposure. Latent toxicity is the ability of atoxin to cause
death long times after exposure. In the case of “*Pu, the acute toxicity is due to the chemical effects of
this element (or compound, depending on the exposure), whereas latent toxicity is dueto it radiological
characteristics.

Since any toxin reacts somewhat differently in different people or other organisms, the study of
toxicity requires a statistical approach. Accordingly, a measure of acute toxicity is LDsy. Thistermis
defined as the amount of toxin (usually measured in mass of toxin divided by the mass of the organism)
that results in the short-term death of 50% of alarge number of similarly exposed organisms. Thus, for
example, if the LDs, for agiventoxinis 1 g/kg, this means that incorporation of 1 g of the toxin per kg of
organism mass in a population of 1,000 will result in the near-term death of 500. The acute LD, of
plutonium in various mammals, such as dogs, rats and mice, is approximately 1 mg/kg.®* Extrapolated to
man, it would take exposure to 0.1 g of plutonium to kill 50% of a population of 100-kg men. Other
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toxins are much more lethal. Strychnine, a common poison, has an LDs; of 500 pg/kg, which meansit is
twice as toxic as plutonium. Curare, commonly used as a muscle relaxant during surgery, has a similar
LDs. Diphtheriatoxin has an LDs; of 1x 10" pug/kg, which means that it is 10 million times more toxic
than plutonium. Crystalline botulinus toxin has an LDs, of 7 x 10° ug/kg, which meansit is 14 billion
times more toxic than plutonium. All of these values are for the short-term or acute toxic effects.

Thelatent effect of exposure to °Pu was the subject of a Los Alamos National Laboratory study.®
This paper provides an update to an ongoing study of the health of a group of 26 young males who
worked on the Manhattan Engineer District’s Project “Y” at Los Alamosin 1944 and 1945. During this
time, these men experienced significant contamination of “°Pu. Of the 26, 21 had |&ft Los Alamos by
1946, one left in 1948, and none had significant additional plutonium exposure after 1945. Exposure was
primarily by inhalation, though some also were exposed through cuts in the skin. Theinternal plutonium
deposition ranged from 50 to 3,180 Bqg and the effective dose ranged from 0.1 to 7.2 Sv. The median
deposition and dose were 565 Bg and 1.25 Sv, respectively. The mortality of this group was compared to
the mortality of U.S. white males. The standardized mortality ratio (STR), calculated by comparing the
mortality of the subject group to the U.S. white male population, indicates that the exposed L os Alamaos
group experienced statistically significant fewer cancers and longer lives. Since this may be due to the
education level of the L os Alamos group (these 26 had attained a higher level of education than the
average U.S. male and this generally correlates with a healthier life style), they were also compared with a
population of unexposed L os Alamos workers with comparable hire dates and general education levels.
This comparison indicates that the general mortality, as well as cancer-induced mortality, of the two
groups were statistically similar. Thus, the exposure of these 26 men to **Pu did not significantly affect
their health over their lifetimes.

A similar study was conducted by scientists associated with the Russian Ministry for Public Health
and Medicinal Industry.® In this study, the incidence of lung cancer among a group of 500 nucl ear
workers was investigated. Of the 500, 162 contracted lung cancer and eleven potential risk factors were
evaluated using a logistic regression model. This was done to determine the reative contribution each of
these factors made to the incidence of cancer. The workers were exposed to airborne >*Pu in arange
from 0-141 kBg. Five of the factors were determined to have not contributed significantly to the cancer
incidence. Theremaining six factors were arranged in decreasing order of significance. The odds ratio
(OR), a parameter that measures the relative contribution of the various factors to the incidence of cancer,
was determined for each of these six factors. The most significant contributor to lung cancer, among
these workers, was smoking, with an OR of 6.6. The OR for plutonium incorporation was 1.3 for the
whole professional contingent and 3.1 for those professionals who incorporated more than 5.55 kBg.
These OR values (for plutonium incorporation) are similar in magnitude to those for workers who inhale
other harmful substances—metal workers, 2.4; asbestos workers, 1.7; chimney-sweeps, 2.1; rubber
production workers, 3.2.

In summary, *°Pu is a hazardous material and can result in severe health effects if a person is

contaminated with it. However, if handled carefully, these health effects can be avoided. Whiletoxic, it
is certainly not in the category of “super toxins,” such as certain disease strains and industrial poisons.
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SUMMARY

29y is an artificially produced radionuclide that does not normally exist in nature. Its half-lifeis
approximately 24,100 years and it decays by a-particle emission to °U. When it decays, a-particles of
maximum energy of 5.156 MeV arerdeased. In addition, atomic electrons and y-rays (from ?°U) are
amost simultaneously released. The average energy of the released a-particlesis 5.15 MeV. Thereare
no high energy y or 3 emissions associated with this nuclide and, therefore, it does not pose a significant
external radiological hazard. However, this huclideis classified in the very high radiological hazard
group because of its high-energy a-particle, which can cause significant biological damage if the nuclide
isincorporated into the body.

%9y i's primarily produced in nuclear reactors (for example in afast breeder reactor) through
neutron absorption of 22U, which produces *°U. This nuclide decays via B-decay to **°Np with a half-life
of 24 minutes. **Np, in turn, decays (also by B-decay) to *°Pu with a half-life of 24,100 years. Thus, in
avery short time (of the order of a few weeks) all of the*°U has decayed to *°Pu.

The principal uses of this nuclide are associated with its fissile nature. Since it can sustain achain
reaction, it can be used as fue in a nuclear reactor. For thisuse, it is usually formed into an oxide and is
often mixed with UO, to form a mixed oxide nuclear fuel. The other principal use of this nuclideisasa
weapons material in nuclear fission and fusion bombs.

The chemistry of this dement is complex in that it can form hundreds of different compounds. In
the absence of surface oxidation, plutonium is a silvery-white metal, similar to nickel. The better-known
plutonium compounds that are important to the nuclear industry and fuel fabricators are plutonium-
oxides, plutonium-hydrides, plutonium-fluorides, plutonium-chlorides, plutonium-carbides,
plutonium-nitrides, and plutonium-sulfides, aswell as many other compounds.

When plutonium is deposited onto soils (for example, through fallout or as a result of discharges
from a plutonium facility), it tends to be readily retained in the soil, usually within the top few centimeters
of thesail. Also, it is hot readily absorbed via the roots into plants and its presence in vegetation usually
occurs through air contamination. When it is absorbed by the roots, it tends to concentrate in the
nonedible parts of the plant.

The majority of data concerning plutonium effects on man are based on extrapolation of laboratory
studies of small animals; however, asmall number of humans injected with plutonium or accidentally
exposed with plutonium have been studied. Plutonium is generally difficult to absorb from the
gastrointestinal tract and the most hazardous means of internal contamination is viainhalation. When it
does enter the circulatory system (either through ingestion and subsequent absorption in the gut or
through inhalation and absorption in the lungs), it tends to be concentrated in either the liver or the
skeletal system. Onceit is deposited in either the liver or skeletal system, it tends to remain in the human
body for avery long time, usually as long as the personis alive.

%9y has gained a reputation as “the most toxic substance known to man.” This reputation is
undeserved as there are several substances that are more toxic than ?*°Pu in the short term. In the long
term, there is no question that this nuclide is hazardous and can cause bodily harm if incorporated into the
body. However, workersin the plutonium industry have not experienced significantly higher cancer
incidence, even though their exposure in many cases exceeded current standards for radiation workers.
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